Real-time monitoring of stimulated dopamine release in mice with different ␣-synuclein expression was used to study the role of ␣-synuclein in presynaptic dopamine recruitment. Repeated electrical stimulations of ascending dopaminergic pathways decreased the capacity of the readily releasable pool (RRP) and temporarily increased its refilling rate, significantly slowing the rate of dopamine decline in mice with normally expressed ␣-synuclein. Mice with ␣-synuclein null mutation demonstrated a permanent increase of the refilling rate. This increase maintained stable dopamine release during stimulation (which induced dopamine decline in other animals) and served as an adaptation to altered dopamine compartmentalization. Mice without ␣-synuclein and with overexpression of human A30P mutated ␣-synuclein had a lower capacity of the dopamine storage pool than other animals. Reducing capacity of the storage pool in transgenic A30P mice led to paradoxical effects of L-dopa, which elevated dopamine release in response to single stimulation but decreased the refilling rate of the RRP.
Introduction
Presynaptic mechanisms of dopamine compartmentalization in the storage pool and readily releasable pool (RRP) play an important role in adequate neurotransmission. During high-frequency firing and bursting of dopamine neurons, the RRP becomes exhausted and needs to be refilled from the storage pool. Several studies have shown that high-frequency stimulation of the dopaminergic pathways, which mimics bursting and exhausts the RRP, increases the refilling rate of the RRP (Ewing et al., 1983; Yavich, 1996; Yavich and MacDonald, 2000) . Similar calciumdependent activation of refilling has also been described for fastacting neurotransmitters, such as GABA and glutamate (Rosenmund and Stevens, 1996; Stevens and Wesseling, 1998; Wang and Kaczmarek, 1998; Zucker, 1999) . Although the refilling rate of the RRP and availability of dopamine in the storage pool are major determinants of the efficacy of dopaminergic neurotransmission, our knowledge of these processes is still fragmentary.
Among the currently known proteins that provide the machinery for dopamine recruitment, ␣-synuclein (␣-syn) is particularly interesting, because it has been proposed to be a key player in the pathogenesis of Parkinson's disease. Two missense ␣-syn mutations (A30P and A53T) were recently found in families with autosomal-dominant Parkinson's disease (Polymeropoulos et al., 1997; Kruger et al., 1998) . Mutations in ␣-syn may alter the association of the protein with vesicular membranes, disrupting normal recycling of vesicles, which in turn can decrease the capacity of vesicular storage and increase cytosolic levels of dopamine and its toxic metabolites (Lotharius and Brundin, 2002a,b) .
Mice with deletion of the ␣-syn gene demonstrate faster recovery of dopamine release after paired-pulse stimulation, lower levels of dopamine, and an attenuated response to amphetamine compared with wild-type mice (Abeliovich et al., 2000) . A recent study showed that EPSPs in hippocampal slices decreased after long-lasting repetitive stimulation in ␣-syn knock-out mice (Cabin et al., 2002) . The authors suggested that this was caused by a disruption of the reserve storage pool of neurotransmitter, a function attributed to distantly located vesicles in the presynaptic terminals. This hypothesis is consistent with previous findings of reduced distantly located vesicles in hippocampal cultured neurons after ␣-syn antisense oligonucleotide treatment (Murphy et al., 2000) . However, these later studies did not test the dopaminergic system as such. Furthermore, nothing is known about adaptive changes in presynaptic terminals that may neutralize lack or mutation of this protein.
We combined real-time monitoring of dopamine release by in vivo voltammetry with repeated stimulation of ascending pathways, which exhaust dopamine storages, and drug treatments modulating the amount of presynaptic dopamine in mice with either absent or mutated ␣-syn to shed light on the role of ␣-syn in presynaptic terminals. We came to two basic conclusions. First, ␣-syn alters compartmentalization of presynaptic dopamine and decreases capacity of the dopamine storage pool. Second, increase of the refilling rate of the RRP compensates for altered dopamine compartmentalization.
Materials and Methods

Animals
This study examined four different lines of C57BL/6 male mice. The first line was a subpopulation of C57BL/6J mice originating from Harlan Olac (Bicester, UK) (b6m Ϫ ), which carries a chromosomal deletion of the ␣-syn locus and represents a knock-out model for ␣-syn (Specht and Schoepfer, 2001 ). The second line was another subpopulation of C57BL/6J mice originating from Charles River Wiga (Sulzfeld, Germany) with no reported deletion of the ␣-syn locus (b6m ϩ ). This line was used as the wild-type control for the ␣-syn knock-out mice. The third line was a transgenic mouse line carrying human ␣-syn with A30P mutation, which was overexpressed under prion-protein promoter (Jakala et al., 2002) . The line was established as C57BL/6J ϫ DBA2 hybrids, and all subsequent backcrossings were made into the original background C57BL/6J strain (Charles River Wiga) that carries the endogenous mouse ␣-syn (therefore referred to as h ϩ m ϩ mouse). The mice were first backcrossed into the C57BL/6J strain for five generations; thereafter, a homozygous line was established by mating A30P mice for two generations before the present study. As described previously (Jakala et al., 2002) , these mice display A30P ␣-syn protein accumulation in the striatum and hippocampus, cortical layer IV, and cerebellar granule cells. However, there is no decline in tyrosine hydroxylase (TH) staining of striatum or substantia nigra. The fourth line stemmed from negative offspring of heterozygous A30P matings (h Ϫ m ϩ mice). All of the mice were bred at a colony at the National Animal Center (Kuopio, Finland).
Detection of mouse endogenous ␣-synuclein gene and human ␣-synuclein transgene
Genomic DNA was isolated from the tail samples using Trizol reagent (Invitrogen, Renfrew, UK). PCR on 50 ng of genomic DNA in a 10 l reaction volume included denaturation at 95°C for 60 sec, followed by 33 cycles at 95°C for 30 sec, 60°C for 30 sec, and 72°C for 30 sec, and a final extension of 3 min at 72°C. Specific primers amplified mouse ␣-synuclein exon 6 (AGAAGACCAAAGAGCAAGTGACA and ATCT-GGTCCTTCTTGACAAAGC; 130 bp fragment) (Specht and Schoepfer, 2001 ) and human ␣-synuclein transgene (GGAGGAGCAGTGGTGACG and TTCCTTCCTGTGGGGCT; 137 bp fragment). NMDA receptor subunit NR1 (exons 18 -19; TCCATACTCAAGTGAGTCTGCCC and CAGGGGCATTGCTGCGGGAGTC; 508 bp fragment) was used as a positive control in each PCR (Specht and Schoepfer, 2001 ).
In vivo voltammetry
Preparation of animals. Mice were kept under the controlled conditions at the National Animal Center (temperature, ϩ21°C; light from 7:00 A.M. to 7:00 P.M.; humidity, 50 -60%), with food and water available ad libitum. The experiments were conducted according to the Council of Europe (Directive 86/609) and Finnish guidelines and approved by the State Provincial Office of Eastern Finland.
The 12-to 14-month-old mice (35-40 gm) were anesthetized with chloral hydrate (450 mg/kg, i.p.) and fixed in a stereotaxic frame. Anesthesia was maintained by bolus injections of the drug at 100 mg/kg every 45-60 min. Rectal temperature was kept at 37°C with a heating lamp. The carbon-fiber working electrode (electrochemical probe for dopamine) was inserted through an opening in the skull to the caudate nucleus [anteroposterior (AP), 0.5 mm; lateral (L), 2 mm; ventral (V), 3.2 mm vs bregma], and a bipolar stimulating electrode was implanted in the medial forebrain bundle (MFB) (AP, Ϫ2 mm; L, 1.2 mm; V, 5.1-5.3 mm), according to a mouse brain atlas (Slotnick and Leonard, 1975) . The exact placement of the stimulating electrode in the dorsoventral coordinate was adjusted for maximal dopamine release. A small low diffusion silversilver chloride reference electrode (DRIREF-2SH; World Precision Instruments, Sarasota, FL) in a saline bridge was placed on the skull. A stainless steel screw as the auxiliary electrode was fixed into occipital bone. After the experiments, the working electrodes were calibrated as described below, except in those cases in which the locations of the working electrodes were verified histologically after electrolytic lesions (6 V for 15 sec).
Electrochemical technique. Stimulated dopamine release was measured by constant potential amperometry with a single carbon fiber (30 m in diameter) (World Precision Instruments) insulated with epoxy glue in pulled capillary glass. The fiber was cut to a length of 300 -350 m from the end of the glass seal. A custom-built three-electrode potentiostat was used to hold the working electrode at 0.5 V against an Ag/AgCl reference electrode. Data from the potentiostat were digitized and sent to a personal computer for analysis. After the experiments, the working electrodes were rinsed with deionized water and calibrated for dopamine in PBS containing ascorbic acid (200 M), pH 7.4.
Electrical stimulation and experimental protocol. Repeated 2 sec stimulations (50 Hz; biphasic constant-current pulses; 2 msec each) separated by 5 sec intervals were combined in three bursts (Fig. 1a) . Each burst consisted of six stimulations. Bursts were separated by 90 sec intervals. A battery-operated constant-current unit (A365; World Precision Instruments) run by a personal computer was used for a stimulation. To ensure stability of the response, this three-burst stimulation was repeated three times at 60 min intervals, and data from two last stimulations are presented. ␣-Methyl-p-tyrosine-HCl (␣MpT) (Sigma-Aldrich, St. Louis, MO) at a dose of 250 mg/kg (10 ml/kg, i.p.) was administered immediately after the second application of the stimulation protocol. L-3,4-Dihydroxyphenylalanine (L-dopa methyl ester hydrochloride) (SigmaAldrich) at a dose of 30 mg/kg (10 ml/kg, i.p.) was injected 20 min after carbidopa (15 mg/kg, i.p.; 10 ml/kg; Orion Pharma, Turku, Finland) treatment. Carbidopa (free base) was prepared with a drop of Tween 80 and injected after application of the second stimulation protocol. All of the drugs were dissolved in deionized water shortly before injection.
Data presentation. Dopamine release was expressed in molar concentrations (micromolar per liter) on the basis of postcalibration data or as percentage of the evoked release. Because repeated stimulations exhaust dopamine storages and significantly reduce responses to consequent stimulations, we used two types of presentation of data in relative (percentage) format. For analysis of dopamine decline within all three of the bursts, the reference point was peak dopamine release after the very first stimulation in the first burst (Fig. 1a , left arrowheads, b, hatched bar). In this case, mainly the response to the first stimulation in each burst was used as an indicator of dopamine decline after previous burst stimulation. Dynamics of dopamine decline within each burst were expressed as . a, Original recording of evoked dopamine (DA) release in the caudate nucleus after repeated electrical stimulations (2 sec in length; 50 Hz; 6 stimulations at 5 sec intervals) of the MFB, organized in three bursts. Arrowheads depict responses to the first stimulation in each burst. Dopamine decline at marked stimulations indicates exhaustion of the RRP by the previous burst. b, Summary of the data on repeated stimulations in b6m ϩ mice, given as percentage of dopamine release (mean Ϯ SEM; n ϭ 5). The reference point (hatched bar) is the first stimulation in the first burst. This presentation of data clearly indicates that dopamine generally declines after massive stimulation. However, inside each burst, exhaustion of the RRP facilitates dopamine release. c, When the reference point is the first stimulation in each burst, progressive facilitation of dopamine release is also seen in the second and third bursts. A facilitation of release is attributed to increase in the refilling rate of the RRP. Each data point is mean Ϯ SEM (n ϭ 6).
the percentage of the evoked release after the first stimulation in that particular burst (Fig. 1a, arrowheads) . Dynamics of dopamine decline within the second and third bursts in this case were statistically indistinguishable (Fig. 1c) . For this reason, data on the second burst are not shown further in Results.
The effects of ␣MpT and L-dopa were calculated in molar concentrations as a dopamine response to 2 sec stimulation before and after the treatment. The effects of the drugs on dynamics of dopamine decline within each burst were calculated (as described above) as a percentage of evoked dopamine release after the first stimulation in each burst.
Statistical analysis. Statistical analysis was performed using multivariate ANOVA (MANOVA) for repeated measures (SPSS, Chicago, IL), with repeated electrical stimulations as the within-subjects factor (6 stimulations ϫ 3 bursts) and genotype as the between-subjects factor. The effects of drugs were analyzed similarly, using responses to repeated stimulations before and after drug administration (treatment) as the within-subjects factor (i.e., 6 stimulation ϫ 3 bursts ϫ 2 repetitions, before and after the treatment). Data are presented as mean Ϯ SEM.
Results
Verification of ␣-syn deletion and the presence of human A30P ␣-syn transgene A genomic PCR experiment was used to confirm the presence of mouse and human ␣-syn gene in the four mouse lines (Fig. 2) . Amplification of genomic DNA fragments of the mouse endogenous ␣-syn gene yielded the PCR product in the b6m ϩ , h ϩ m ϩ , and h Ϫ m ϩ mouse samples. Amplification of the human ␣-syn transgene fragment yielded the PCR product only in the h ϩ m ϩ samples. Additionally, amplification of either genomic DNA fragment of mouse endogenous ␣-syn gene or the human ␣-syn transgene yielded no PCR products in the b6m Ϫ samples.
General approach to characterization of presynaptic dopamine storage and mobilization
Repeated electrical stimulations (delivered in bursts) and realtime monitoring of dopamine release were used as tools to assess the capacity of the storage pool and to estimate the refilling rate of the RRP (Yavich, 1996; Yavich and MacDonald, 2000) . In b6m ϩ mice used as the reference line (Fig. 1a-c) , progressively decreased responses to the first stimulation in each burst (Fig. 1a, arrowheads) reflect the amount of dopamine available for immediate release after a depletion induced by previous burst(s). Taking peak dopamine release after the very first stimulation as a reference point (100%) (Fig. 1b, hatched bar) , this depletion in the response to the first stimulation of each consecutive burst can be seen clearly and reaches statistical significance in b6m ϩ and other lines except b6m
Ϫ (see below). The subsequent peaks within the bursts demonstrate the process of presynaptic dopamine mobilization (Yavich, 1996; Yavich and MacDonald, 2000) . Dopamine release was increased after repeated stimulations at 5 sec intervals, relative to the first stimulation in each burst (Fig.  1a,c) . The second and the third bursts demonstrated larger facilitation of dopamine release compared with the first burst. A decline in dopamine release within the bursts was also seen. Facilitation of dopamine release after repeated stimulation within the bursts is caused by the activation of the storage pool and can serve as an index for the rate of refilling of the RRP.
Comparison of presynaptic dopamine storage and mobilization among the four C57BL/6 mouse lines Measured as a peak dopamine release after the first stimulation in each burst (Fig. 1a, arrowheads) , dopamine responses gradually declined from the first to the third burst in all three lines that have the mouse ␣-syn (b6m ϩ , h ϩ m ϩ , and h Ϫ m ϩ ) but was not significantly changed in knock-out b6m Ϫ mice (Fig. 3 ) (stimulation and genotype interaction, F (6) ϭ 2.4, p Ͻ 0.045; main effect of stimulation in b6m Ϫ mice, F (2) ϭ 3.8, p Ͻ 0.2). The MANOVA revealed a significant between-subjects effect of the genotype (F (3) ϭ 5.8; p Ͻ 0.006). The differences between the lines were independent of the initial levels of dopamine release, which were practically the same in all of the lines in response to single 2 sec stimulation (Fig. 3, inset ) (F (3) ϭ 0.3; p Ͻ 0.8).
Because b6m Ϫ mice had such distinct responses to the first stimulation in the bursts, we initially compared dopamine release on each repeated stimulation between b6m Ϫ and other lines in an "absolute" scale, i.e., data were presented as a percentage of dopamine release after the very first stimulation (Fig. 4, asterisk) . The b6m Ϫ mice released more dopamine on repeated stimulations than the b6m ϩ controls (Bonferroni multiple comparisons between genotypes; p Ͻ 0.013) and also the two other lines, which demonstrated very similar responses to those of b6m ϩ mice The capacity of the RRP determined by dopamine (DA) decline after repeated stimulation of the medial forebrain bundle. Three bursts of stimulations were applied to the MFB according to the stimulation protocol described in Figure 1 and Materials and Methods. These massive stimulations exhausted the RRP and to some extent the dopamine storage and induced a decline in the evoked dopamine levels in all of the mouse lines except b6m Ϫ . Data are given as percentage of dopamine release after the first stimulation in the first burst. Each data point represents the relative level of dopamine after the first stimulation in each consecutive burst (numbers 1-3 on the horizontal axis). The inset shows dopamine release after single 2 sec, 50 Hz stimulation, expressed in molar concentrations (means Ϯ SEM; n ϭ 5-8 per group).
.007) (for original recordings of the most typical responses in b6m
Ϫ and b6m ϩ mice, see Fig. 4 ). Despite similar absolute levels of dopamine released on single stimulations, mouse lines carrying the mouse ␣-syn (b6m ϩ , h Ϫ m ϩ , and h ϩ m ϩ ) differed in the dynamics of dopamine release in the first and the third burst (bursts and genotype interaction, F (2) ϭ 4.0; p Ͻ 0.05). b6m ϩ and h Ϫ m ϩ mice showed moderate facilitation of dopamine release within the first burst and an additional increase in the third burst. Figure 5 depicts the data as percentage of release after the first stimulation in each burst to show the dynamics of dopamine release within the burst, which reflect primarily the rate of the refilling of the RRP and secondarily the capacity of the reserve pool. h ϩ m ϩ mice also demonstrated a moderate facilitation of dopamine release in the first burst but had similar dynamics of dopamine release at the first and the third burst (main effect of burst, F (1) ϭ 0.5; p Ͻ 0.5). Finally, b6m Ϫ mice showed more than twice as much facilitation of dopamine release at the first burst as the other lines (genotype, test of between-subjects effects, b6m Ϫ mice vs all of the other breeds; p Ͻ 0.01) and, in contrast to other lines, a trend toward reduced facilitation of dopamine release at the third burst (Fig. 5 ) (main effect of burst, F (1) ϭ 1.9; p Ͻ 0.2). Thus, both b6m Ϫ (knock-out) and h ϩ m ϩ (transgenic) mice demonstrated the absence of additional facilitation of dopamine release at the third burst compared with the first one.
The effects of pharmacological modulation of presynaptic dopamine on dopamine recruitment
In these experiments, b6m
ϩ and h ϩ m ϩ mice were treated with ␣MpT and L-dopa. ␣MpT depletes RRP and, in principle, should have the same effects on the dopamine overflow as a series of repeated stimulations in the previous experiments, i.e., facilitation of dopamine release. The ␣MpT treatment (250 mg/kg) predictably decreased absolute levels of dopamine induced by single stimulations in both mouse lines (Fig. 6, middle) . In b6m ϩ mice, the treatment facilitated dopamine release in the first burst (Fig.  6, left) (main effect of treatment, F (1) ϭ 7.9; p Ͻ 0.05). In contrast, h ϩ m ϩ mice showed no facilitation after ␣MpT injection (Fig. 6, right) (main effect of treatment, F (1) ϭ 0.5; p Ͻ 0.5) and, thus, differed from b6m ϩ mice (treatment and genotype interaction, F (1) ϭ 6.0; p Ͻ 0.05).
Treatment with L-dopa (30 mg/kg), a drug increasing the amount of dopamine in the cytosol, predictably increased dopamine release in terms of molar concentrations after single stimulations in both genotypes (Fig. 7, middle) . In b6m ϩ mice, L-dopa did not change the facilitation of dopamine release in the bursts (Fig. 7, left) (main effect of treatment, F (1) ϭ 0.3; p Ͻ 0.6). However, L-dopa decreased facilitation of dopamine release within the bursts in h ϩ m ϩ mice (Fig. 7, right) (main effect of treatment, F (1) ϭ 9.9; p Ͻ 0.05), resulting in significant treatment and genotype interaction (F (1) ϭ 6.7; p Ͻ 0.05).
Discussion
Dopamine decline after massive stimulation depends on the ␣-syn genotype Mice with altered ␣-syn genotype differed from control C57BL/6J mice in their dynamics of dopamine decline after massive stimulation (Fig. 3) , with the largest differences apparent between b6m ϩ and b6m Ϫ mice. According to our hypothesis based on our previous experiments in Wistar rats (Yavich and MacDonald, 2000) and BALB/c mice (Yavich, 1996) , the dopamine decline between the bursts was caused by exhaustion of the RRP. Thus, results summarized in Figure 3 (no decline of the first peaks at the bursts in b6m Ϫ mice) are consistent with the suggestion that b6m Ϫ mice have the largest RRP of dopamine among the tested C57BL/6 lines. We also expected to find the largest extracellular dopamine concentration in response to a single stimulation in b6m Ϫ mice; however, variations in the electrode location and known heterogeneity of release in the caudate (May and Wightman, 1989) did not allow us to perform reliable betweensubjects comparisons of extracellular dopamine concentrations. An alternative explanation for the results is a faster refilling rate of the RRP and/or a larger storage pool of dopamine in b6m Ϫ mice. This explanation does not require that dopamine release after single stimulation should be larger, and it is also supported by the analysis of dopamine release within the bursts (see below).
Facilitation of dopamine release within the bursts as an index of the RRP refilling rate and different capacity of the storage pool
Refilling of the RRP restores its capacity. The rate of refilling confines neurotransmission after bursting or trains of stimulations repeated at short intervals (Wang and Kaczmarek, 1998; Stevens and Wesseling, 1999) . It is well known that reuptaken dopamine constitutes a part of the RRP. In our preparation, reuptake is fully functional. Moreover, we did not find differences in the degree of dopamine reuptake between the lines (data not shown). In slice or cell preparations, reuptake is less efficient because of diffusion of dopamine from the sites of release to the medium, which in turn can decrease the extents of dopamine storages. This situation might be reproduced, even in intact brain, in areas with less efficient reuptake (e.g., nucleus accumbens vs caudate) (Yavich and MacDonald, 2000) or after treatment with reuptake inhibitors (our unpublished observations). However, even in the case in which no absolute increase of dopamine is detected after repeated stimulation (in some particular preparations or after treatment with reuptake inhibitors), dopamine decline is retarded after repeated stimulation at short intervals. This phenomenon was described by Abeliovich et al. (2000) in slices of ␣-syn knock-out mice after paired-pulse stimulations at 5-20 sec. The first reliable mathematical model of this short-term plasticity of dopamine release was presented recently (Montague et al., 2004) . Facilitation of dopamine release after paired-pulse stimulation at ultrashort intervals (10 msec), described in striatal slices in marmoset, can be only partly explained by participation of the RRP, because it is not modulated by reuptake inhibition (Cragg, 2003) . Indeed, it is possible that 10 msec is too short an interval for the reuptake to play a role in the refilling of the RRP.
A detailed analysis of dopamine release within the first and the third burst in our experiments revealed two interesting phenomena: (1) facilitation of dopamine release in response to stimulations at short intervals within the first burst and (2) additional facilitation of release during the second and third burst (Fig. 1c) . The first finding confirmed our previous results and likely derives from enhanced refilling rate of the RRP after the exhaustion of this pool (Yavich, 1996; Yavich and MacDonald, 2000) . This would also be the most parsimonious explanation for the second finding: the previous two bursts exhausted the RRP and led to additional elevation of the refilling rate. Data on the effects of ␣MpT support this hypothesis. This drug, which decreases the contents of dopamine in the RRP, induced facilitation of dopamine release in b6m ϩ mice in the same way as a massive stimulation. The effects of ␣MpT in b6m ϩ (facilitation of release after treatment) and h ϩ m ϩ (no additional facilitation) were similar to and supportive of the data obtained after burst stimulation. Namely, in both control mouse lines (b6m ϩ and h Ϫ m ϩ ), dopamine release at the third burst was larger than at the first burst, whereas, in ␣-syn knock-out (b6m Ϫ ) and transgenic (h ϩ m ϩ ) mice, it was statistically indistinguishable. These effects of ␣MpT cannot be attributed to the differences in TH activity between the mouse lines, because the effects of ␣MpT on dopamine release in response to single stimulation were similar in transgenic and b6m ϩ control animals (Fig. 6, middle) . Furthermore, there is no difference between transgenic and control mice in the intensity of TH staining (Jakala et al., 2002) . Together, these findings indicate that both b6m Ϫ and h ϩ m ϩ mice have limited capacity of the dopamine storage pool.
Elevation of the RRP refilling rate in ␣-syn knock-out mice A threefold to fourfold facilitation of dopamine release within the first and third burst indicates that the refilling rate of the RRP is permanently elevated in b6m Ϫ mice (compare the similarity in facilitation of release between the third burst in the b6m ϩ mice and the first burst in b6m Ϫ mice). Thus, because of the higher refilling rate of the RRP in b6m Ϫ mice, effects of activation do not subside during the 90 sec interburst intervals. Therefore, facilitation of dopamine release caused by elevation of the refilling rate dominates over the decline induced by massive stimulation in b6m Ϫ mice. As a result, b6m Ϫ mice did not demonstrate any dopamine decline at the chosen parameters of stimulations. We believe that this mechanism serves to adapt the mice to the null mutation. A relative increase in the amount of vesicular transporter per available storage vesicle can be one of the molecular mechanisms of this facilitation.
L-dopa decreases the RRP refilling rate in mice with mutated human ␣-syn Whereas L-dopa increased dopamine release in response to a single stimulation, no changes in the dynamics of dopamine release were observed within the bursts in b6m ϩ mice. Indeed, one would expect some decrease in the RRP refilling rate, at least ϩ and h ϩ m ϩ mice; filled bar, after treatment in b6m ϩ and h ϩ m ϩ mice). The treatment increased the RRP refilling rate in b6m ϩ mice and did not change the dynamics of dopamine release in transgenic mice, which corresponds with the effects of repeated stimulation in transgenic and knock-out mice in the previous experiment shown in Figure 5 . Figure 6 (n ϭ 5 per group). The effects of L-dopa on facilitation of dopamine (DA) release during the first burst were analyzed 40 min after treatment (L-dopa was injected 20 min after carbidopa). Treatment increased evoked dopamine release after single stimulation (insets), did not change the refilling rate of the RRP in b6m ϩ mice, and decreased it in h ϩ m ϩ mice.
during the first burst, because L-dopa increases the RRP capacity. The failure to detect any such decrease may indicate that, in relation to the original capacity of the RRP, the fraction of dopamine elevated by L-dopa treatment at a dose of 30 mg/kg did not significantly contribute to the capacity of the RRP in b6m ϩ mice. Accordingly, the reduced capacity of the storage pool in h ϩ m ϩ mice led to the paradoxical effects of L-dopa, which further decreased their ability to maintain dopamine overflow during a long run of repeated stimulations. These effects of L-dopa in h ϩ m ϩ mice may be relevant to some clinical paradoxes of L-dopa treatment.
In summary, we found variations in presynaptic dopamine compartmentalization and recruitment between mouse lines with abnormal ␣-syn genotypes and their congenic controls. The absence of the endogenous mouse ␣-syn and the presence of a transgenic mutated human ␣-syn resulted in altered compartmentalization of presynaptic dopamine. The elevation of the refilling rate of the RRP in null mutated mice serves as an adaptive mechanism to compensate for this alteration, probably at the expense of decreasing the amount of vesicles in the reserve pool. We suggest that development of dopamine deficiency (e.g., in Parkinson's disease) would also elevate the refilling rate of the RRP. Our results predict that both b6m
Ϫ and h ϩ m ϩ mice (i.e., mice without ␣-syn or with additional human mutated ␣-syn) could behave normally in situations in which the activity of dopamine neurons is low but would fail in the tasks that require prolonged bursting of dopamine neurons. Furthermore, L-dopa would paradoxically weaken their performance in such behavioral tasks.
